Rate equations and kinetic parameters were obtained for various reactions involved in the bacterial oxidation of pyrite. The rate constants were 3.5 ,LM Fe2+ per min per FeS2 percent pulp density for the spontaneous pyrite dissolution, 10 ,uM Fe21 per min per mM Fe3+ for the indirect leaching with Fe3+, 90 ,uM 02 per min per mg of wet cells per ml for the Thiobacillusferrooxidans oxidation of washed pyrite, and 250 ,uM 02 per min per mg of wet cells per ml for the T. ferrooxidans oxidation of unwashed pyrite. The Km values for pyrite concentration were similar and were 1.9, 2.5, and 2.75% pulp density for indirect leaching, washed pyrite oxidation by T. ferrooxidans, and unwashed pyrite oxidation by T. ferrooxidans, respectively. The last reaction was competitively inhibited by increasing concentrations of cells, with a Ki value of 0.13 mg of wet cells per ml.
T. ferrooxidans cells also increased the rate of Fe2' production from Fe3+ plus pyrite.
Bacterial leaching of sulfide ores is a complex process potentially involving many different reactions, such as direct action by bacteria, indirect action by ferric iron, and electrochemical interaction of minerals (3, 4, 9, 17) . These biological, chemical, and electrochemical reactions are interrelated, and their favorable interaction should lead to a successful bacterial leaching.
We have selected a simple sulfide, pyrite (FeS2), as a test mineral and have attempted to estimate the rates of some of these reactions and to compare them with the overall bacterial leaching rates. In this work we have studied the spontaneous solubilization of pyrite, the indirect leaching of pyrite with Fe3", and the bacterial leaching of pyrites (washed and unwashed) and have tried to interrelate the rates of these reactions.
MATERIALS AND METHODS
Pyrite. The pyrite sample used was provided to us by the Mines Branch of Manitoba Energy and Mines. It was ground to -140 mesh (100-,um diameter by microscopic observation) and contained 45.9% Fe, 45.1% S, and 9% impurities.
Media. The standard reaction medium used throughout this study was the HP medium (7, 10) consisting of 0.1 g of K2HPO4, 0.4 g of (NH4)2SO4, and 0.4 g of MgSO4 7H20 per liter, adjusted to pH 2.3 with H2SO4. The growth medium for Thiobacillus ferrooxidans was the HP medium plus 33.3 g of FeSO4 7H20 per liter (7, 10) and that for Thiobacillus thiooxidans was the HP medium with unsterilized powdered sulfur, 50 g/liter, as substrate (15) .
Organisms. T. ferrooxidans SM-4 and T. thiooxidans SM-6 were isolated from a sulfide ore mine site (7) . T. ferrooxidans SM-4 was grown as described previously (16) , and the harvested cells were washed and suspended in the HP medium to a concentration of 50 mg of wet cells per ml. T. thiooxidans was grown in 2.7-liter Fernbach flasks containing 1 liter of the HP medium. After inoculation with a 2.5% culture, 50 g of powdered elemental sulfur (sulfur precipitated; BDH Chemicals, Toronto, Canada) was spread evenly on the liquid surface. The flasks were incubated at 28°C for 5 days under stationary conditions. Sulfur was removed by filtration through a Whatman no. 1 filter paper * Corresponding author.
under suction, and the cells were collected by centrifugation at 12,000 x g for 10 min. The collected cells were washed and suspended to a concentration of 50 mg of wet cells per ml in the HP medium. Both cell suspensions were stored at 4°C and were used within 2 to 3 days.
Pyrite concentration. The concentration of pyrite used was expressed as percent pulp density (% PD), which is defined as [weight of solid (g)]/[volume of liquid (ml)] x 100.
Spontaneous pyrite dissolution. The steady-state rate of spontaneous pyrite dissolution was determined by measuring the rate of Fe2+ release with o-phenanthroline (1), as modified below. Pyrite was washed in the HP medium (6.4 ml) in centrifuge tubes for 2 to 3 h with reciprocal shaking at 30°C. The liquid was then removed by centrifugation at 13,000 x g for 10 min, and the washed pyrite was resuspended in the fresh HP medium (6.4 ml). The washed pyrite slurries were then shaken again at 30°C, and 50-to 100-,ul samples were taken at time intervals for 1 h for Fe2+ analyses. Samples were diluted to 1.5 ml with the HP medium, and after centrifugation 1 ml of supernatant was mixed with 1 ml of 0.1% o-phenanthroline. The red color which developed after 5 min was measured at 500 nm in a Diode Array Spectrophotometer 8452A (Hewlett-Packard Co., Palo Alto, Calif.) to obtain the Fe2+ concentration. The reaction was linear with time, and the rate was expressed as micromolar Fe2+ per minute.
Indirect leaching. The Fe3+-mediated production of Fe2+ from pyrite was also determined by using the o-phenanthroline method. The washing of pyrite was the same as described above. The washed pyrite was suspended in the fresh HP medium (6.4 ml) containing various concentrations of Fe3+. The incubation and the color determination were the same as those described above. The reaction was linear with time.
Oxygen consumption. (4, 9, 17) , has been extensively studied (8) . The complete oxidation of pyrite by ferric iron (FeS2 + 14Fe3+ + 8H20 -15Fe2+ + 2SO42-+ 16H+) requires harsh conditions, and under the mild conditions of bacterial leaching, a more probable reaction will be FeS2 + 2Fe3 +--3Fe2+ + 2S°( 4, 9).
The rate of Fe2+ release from pyrite was determined at various concentrations of Fe3+ and at fixed concentrations of pyrite (Fig. 3) . The rate of Fe2+ release was linear (first order) with respect to Fe3+ concentration. The effect of pyrite concentration at two fixed concentrations of Fe3+ is shown in the Fig. 4 insert, after correction for spontaneous reaction 1 (no Fe3+ addition). The rate of Fe2+ formation followed a typical saturation kinetics at either 10 or 20 mM Fe3+. The double-reciprocal plots (6) shown in Fig. 4 The results with unwashed pyrite gave an entirely different pattern (Fig. 6) . Here Since the rate Of 02 consumption was faster during the initial 0. Figure 9 shows the effect of 6.25 mM Fe2+ (20 ,xmol of Fe2+ per 3.2 ml) on the bacterial oxidation of washed pyrite (100 mgI3.2 ml) to simulate the experiments with unwashed pyrite. There was an initial rapid 02 consumption, as ex- pected, presumably due to the oxidation of Fe2+ by cells (1 mg/ml), followed by a linear, slower rate approximately equal to that of the control experiment (without Fe2+ addition). Surprisingly, however, the addition of Fe3" (13.5 mM) had an effect very similar to that of Fe2 , with only a slight delay in the initial rapid 02 consumption. This initial phase was too fast to be accounted for by the indirect leaching followed by the oxidation of Fe2+ generated.
The formation of Fe2+ from washed pyrite was studied under anaerobic conditions to see whether cells can accelerate the indirect leaching with Fe3+. Figure 10 shows that this is, in fact, true and explains why Fe3+ had an effect similar to Fe2+ in the 02 consumption experiments of Fig. 9 .
DISCUSSION
The bacterial oxidation of pyrite is a complex phenomenon, and in this study we have attempted to define various possible reaction parameters contributing to the oxidation.
The results are summarized in Table 1 . The Fe2+ oxidation rate equation was from our earlier paper (16) , and the bacterial reduction of Fe3" to Fe2+ with FeS2 ( Fig. 10) (Fig. 9) . The steady-state rate was still much faster than that expected from the indirect leaching followed by Fe2+ oxidation. In fact, if the pyrite oxidation were simply a combination of the indirect leaching (Fe3 Fe2+ with pyrite, including bacterial action) and the Fe2+ oxidation to Fe3+ by bacteria, the initial rapid rate with Fe2+ or Fe3+ in Fig. 9 should have continued without slowing down to the level of the control experiment. The steady-state rate must be governed also by other parameters which were not studied in this work, for example, the fate of HS-or So after release from FeS2 and their effect on the oxidation of FeS2. The rate of HS-or So oxidation might affect the steady-state pyrite oxidation rate. The results in Fig. 2 (13, 14) , as mentioned above, but the rate (about twice the chemical indirect leaching rate in Fig. 10 ) still cannot approach the rapid rate of Fe2+ oxidation or pyrite oxidation. The bacterial oxidation of unwashed pyrite showed a higher rate constant (250 compared with 90 for washed pyrite) but surprisingly was inhibited by increasing concentrations of cells, similar to the Fe2+ oxidation (16) . The oxidation of pyrite is a more complex process than the Fe2+ oxidation, but since the inhibition was not observed with the washed pyrite, it was probably related to the initial rapid solubilization of unwashed pyrite. The release of 2 mM Fe2+ per FeS2% PD corresponds to more than 2% of pyrite iron. Presumably, a similar quantity of sulfur and sulfide must have been released. Since the attempted simulation experiments with Fe2" in Fig. 9 did not affect the steady-state 02 consumption rate with washed pyrite, perhaps the presence of these dissociated sulfur moieties is important in the interpretation of unwashed pyrite oxidation. We have previously concluded that T. ferrooxidans and T. thiooxidans solubilize sulfide minerals by different mechanisms (7) . We are currently studying the pyrite oxidation by T. thiooxidans to clarify the fate of sulfur moieties of pyrite. Recent studies on the direct baCterial attack of synthetic pyrite crystals (12) and ultrathin films (2) also suggest the importance of sulfide or sulfur oxidation.
